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The stimulated fusion of intracellular H/K-ATPase-containing tubulovesicles with a target
canalicular membrane surface iscentral to the processofacid secretion. Asuper-familyofsmall
GTP-binding proteins (smGTPBPs) has been implicated in many aspects of intracellular
dynamics and vesicle membrane trafficking. We have investigated the presence of smGTPBPs
in isolated rabbit parietal cells. Parietal cells possess a number of smGTPBP species with
molecular masses of 18-28 kDa. One 23 kDa smGTPBP has been localized to tubulovesicles
and identified immunochemically as rab2. Rab2 redistributes during stimulation in concertwith
the movement of the H/K-ATPase. The results demonstrate that specific smGTPBPs are
associated with the parietal cell secretory apparatus. Small GTP-bindingproteins areimportant
candidate regulators ofparietal secretory membrane dynamics.
The stimulation of parietal cell secretion is unique among cells because of the
massive reversible recruitment of membrane prior to and during the initiation and
maintenance ofthe secretory process [1-3]. The H/K-ATPase ultimately responsible
for the secretion of acid is sequestered within the intracellular tubulovesicles of the
resting parietal cell. Upon stimulation, the tubulovesicles fuse with the target
canalicular membrane, establishing a greatly expanded secretory canalicular surface
through which acid may be pumped into the lumen (Fig. 1). In man and rabbit, this
fusion event also releases intrinsic factor, which is packaged within the tubulovesi-
cles. It is therefore apparent that the critical physiological events in parietal cell
stimulation-secretion coupling revolve around the recruitment of tubulovesicular
membrane into and out ofthe canalicular target surface. The prominent movement
of large amounts of membrane into and out of a secretory surface suggests that
critical processingsignals mustbe acting atthelevelofvesicle targeting. Coordinated
mechanisms must exist to provide both the organized vectorial fusion of proton
pump-containing vesicles into a secretory canalicular surface, as well as the con-
certed and directed retrieval ofmembrane from the canaliculus.
Parietal cell secretion can be elicited through at least three separate but appar-
ently interrelated pathways involving histaminergic, cholinergic, and gastrinergic
stimuli [4]. In the case of stimulation of the H2-histamine receptor, an increase in
intracellular cAMP has been correlated with the onset ofsecretion [5-7]. Histamine
activates type I cAMP-dependent protein kinase [8] and can stimulate the phosphor-
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FIG. 1. Parietal cell dynamic morphological changes.
Stimulation of the parietal cell involves fusion of intracellu-
s T IrAl UII A T E D lar tubulovesicles with a target canalicular membrane to ST1v1V*IMULATE form anexpanded secretory canaliculus.
ylation of several cAMP-dependent protein kinase substrates in both cytosolic and
membrane fractions [9-13]. In contrast, carbachol, acting on an M3-muscarinic
cholinergic receptor, stimulates secretion through an increase in intracellular Ca2+
[14,15]. Carbachol also stimulates the phosphorylation of discrete proteins but the
kinases responsible for these events have not been defined precisely [16]. Neverthe-
less, a selective inhibitor ofCa2+/calmodulin-dependent protein kinase II will inhibit
carbachol-stimulated, but not histamine-stimulated, aminopyrine accumulation [17].
While both histamine- and carbachol-stimulated phosphoproteins have been identi-
fied, no common points of phosphorylation have been recognized, and no specific
linkswith the mediation ofsecretion have been identified for anyofthe phosphopro-
teins. The role of gastrin as a direct stimulant of acid secretion is controversial.
Althoughgastrin can elicit an increase in intracellular Ca2+ in both canine and rabbit
parietal cells [14,18], especially in rabbit, it is a poor secretagogue in isolated cell
systems [14]. While the three secretagogue systems appear to differ in their initial
signal-transduction mechanisms, they all induce the morphological changes that are
required for delivery of the proton pump to the gastric lumen [3]. It is therefore
reasonable to expect that all stimulatory mechanisms must lead to the initiation of
the morphological rearrangement necessary for parietal cell secretion.
SMALL GTP-BINDING PROTEINS
Recent investigations over the past several years have revealed the existence of a
growing super-family of proteins, all related to the transforming virus product ras
protein [19]. This protein family, variously referred to as small GTP-binding pro-
teins, low molecular mass (weight) GTP-binding proteins, small G proteins, or low
molecular mass GTPases, represents a diverse group of critical cellular regulatory
proteins. These small GTP-binding proteins (smGTPBPs) are unrelated to the




FIG. 2. Regulation of smGTPBPs.
smGTPBP-GDP Cycling of smGTPBPs from an active
GTP-bound state to an inactive GDP-
I .INACTIVE- bound state.
classical membrane-associated signal-transducing GTP-binding proteins, such as Gs
and Gi. Since the smGTPBPs are GTPases, the regulation of GTPase activity and
GTP/GDP exchange is critical for the function of these proteins. Rather than
possessing a prominent intrinsic GTPase activity like the classical G proteins,
however, the function of the smGTPBPs appears to be regulated through the
modulation ofboth GTPase and GTP/GDP exchange properties [20]. Regulation of
the extremely slow intrinsic GTPase activity of smGTPBPs is accomplished through
interaction with both GTPase activator proteins (GAPs) [21] as well as with GTP
dissociation-stimulating (GDS) proteins [22] (Fig. 2). The GAPproteins, bystimulat-
ing GTPase activity, cause "inactivation" ofthe smGTPBP, while the GDS proteins,
bystimulating the exchange ofGDPforGTP, cause "reactivation" ofthe smGTPBPs.
In addition, recent work indicates that smGTPBPs are also associated with GDP
dissociation inhibitor (GDI) proteins [23]. Thus, at least four critical points of
regulation exist, either directly on the smGTPBPs orindirectly through the modifica-
tion ofGAP, GDS, or GDI proteins.
All of the smGTPBPs also have a similar basic structural composition. The
proteins contain three major domain areas: (1) an "effector" domain where GAP
proteins are thought to bind, (2) a highly conserved GTP-binding site, and (3) a
hypervariable C terminus which usually contains two terminal cysteine sites for
isoprenylation which appear to dictate the specific functions and localization of the
individual proteins.
The most detailed examination of smGTPBPs has been made in yeast cells of S.
cerevisiae and S. pombe. In these studies, two major smGTPBPs, SEC4 and YPT1,
which possess approximately 40 percent homology with ras protein, were isolated.
The YPT1 protein has been associated with microtubular organization in yeast cells
and appears to be a key regulator of the cell cycle [24]. SEC4 was originally
characterized as one of the 25 genes required for vesicular secretion in yeast [25].
SEC4 appears to function in regulation ofthe late stages ofvesicular secretion from
yeast cells [25].
In mammalian cells, a number of smGTPBPs have been identified with varying
amounts of homology with both YPT1 and the ras oncoproteins (35-75 percent
homology) [19]. The mammalian members of this super-family of related proteins
can be roughly divided into four sub-families characterized by their homologies with
(1) ras, (2) rho, (3) YPT1/SEC4 (rabl), and (4) ran. The members ofthe ras-related
group, including K-ras, N-ras, rap, and ral, are all involved in regulation of cell
division and differentiation. The rho-related group, including rac and G25K, appears
to be involved in regulation ofcytoskeletal structure. Rho, especially, appears to be
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involved in the anchoring of actin filaments to the membrane [26]. The rab family of
smGTPBPswas originally discovered through homologieswith YPT1 and SEC4, and
rab proteins appear tobe involved in all aspects ofmembranevesicle sorting [27-29].
Finally, the ran protein represents a fourth class of smGTPBP, which is involved in
mitotic division and is localized to the nucleus [30]. In contrast to the membersofthe
other three families, ran does not possess the C-terminal cysteine residues that are
sites for isoprenylation and membrane insertion.
While these smGTPBPs are structurally related, in the few systems where they
have been studied carefully (notably MDCK cells), specific GTP-binding proteins
are localized to specific intracellular compartments [31,32]. In particular, the rab
family of smGTPBPs has been implicated in the regulation of vesicular transport
[19,27]. The family of rab-related proteins appears to be extremely diverse, now
encompassing at least 20 separate species. Investigations over the past four years
indicate that much of the dynamic regulation of vesicle targeting along both the
exocytotic and the endocytoticpathways in anumberofcell systemsmaybemediated
by members of the rab family. The rab3A protein localizes in brain exclusively to
small synaptic vesicles [33] and is also present on adrenal chromaffin granules
[34,35]. In the adrenal system, rab3 appears to redistribute off granules into the
cytoplasm upon stimulation of secretion [35]. In MDCK cells, rabl and rab2 are
associated with the exocytotic pathway, whereas rab5 and rab7 are associated with
the endocytotic system [32]. While all ofthese investigations suggestthat rabproteins
within particular cells are associated with discrete compartments, no consistent
information exists on common functions across cell systems. Indeed, dataexist [20] to
suggest that the exact localization of particular members of the gene family might
vary from cell to cell, depending on the requirements ofthe cell machinery involved.
Under this hypothesis, particular smGTPBPs, through their regulated GTPase
activities, may act as "molecular switches" at appropriate points in individual cell
systems. Thus, particular smGTPBPs, as putative signal-transducing modulators,
might perform quite different functions in different cell systems.
SMALL GTP-BINDING PROTEINS IN PARIETAL CELLS
In lightofthe central importance ofmembrane sorting and regulated movement in
the parietal cell, we sought to investigate the distribution and identity ofparietal cell
smGTPBPs. Many, but not all, of the smGTPBPs renature sufficiently after separa-
tion on SDS-PAGE and electrophoretic transfer so as to allow detection on overlays
with a-[32P]-GTP. The classical membrane signal-transducing GTP-binding proteins
(such as G, and Gj) as well as, notably among smGTPBPs, the rho protein, fail to
renature on blots. Parietal cells demonstrated a number of 18 kDa to 27 kDa
smGTPBPs on blot which differed in their distribution among various membrane
fractions [36]. In particular, a 23 kDa protein was a prominent binding species in the
50,000 g light microsomal membranes. In order to assess whether any of the
smGTPBP species were involved in the stimulated membrane movement, we studied
GTP-binding in subfractions prepared from parietal cells incubated with either 100
,uM cimetidine (resting) or 100 ,uM histamine and 10 ,uM forskolin (maximally
stimulated). Upon stimulation, labeling of the 23 kDa GTP-binding species de-
creased in 50,000 g membranes while increasing in 4,000 g membranes. A similar
stimulated redistribution of the H/K-ATPase was also seen, suggesting that the 23
kDa protein might be associated with tubulovesicles [36]. To determine whether the
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FIG. 3. Rab2 immunoreactivity in
tubulovesicles. Identical two-dimen-
sional blots of tubulovesicle protein
were evaluated for GTP-binding (up-
2 l_ ^ per panel) and immunoreactivity for
Rn b a u rab2(lowerpanel). The arrows indicate
the co-migration of the major species
ofGTP-binding proteins with rab2 im-
munoreactivity [37].
23 kDa smGTPBP was associated with tubulovesicles, purified preparations of
H/K-ATPase-containing tubulovesicles were obtained from isolated rabbit parietal
cells and gastric glands. These preparations demonstrated partitioning ofthe 23 kDa
smGTPBP into tubulovesicle membrane fractions. In contrast, the botulinum C3
exotoxin substrate, the rho protein, was completely excluded from the tubulovesicle
fractions, although it was present in all other membrane and cytosolic fractions. The
23 kDa smGTPBP separated on two-dimensional gels into one major and two minor
species [36]. All three of these species were partitioned into the tubulovesicle
fractionwith the greatest enrichment seen for the major species (Fig. 3).
Considering the importance of a tubulovesicle-associated smGTPBP, we next
considered the possible identity of the 23 kDa species with a number of known
smGTPBPs, using monoclonal and polyclonal antisera against rabl, rab2, rab3A,
rab4, rab6, and k-ras [37]. Apolyclonal antiserum raised against recombinant human
rab2 showed specific labeling with the major isoelectric component of the 23 kDa
smGTPBP (Fig. 3). The two minor species were not labeled with any of the antisera
tested. The immunoreactivity for rab2 exactly paralleled that for H/K-ATPase in
parietal cell subfractions prepared during the process of isolation of enriched
tubulovesicle membranes (Fig. 4). Co-segregation of rab2 immunoreactivity within
H/K-ATPase suggested a tight relationship between the localization of rab2 and
H/K-ATPase. We therefore studied the localization of rab2 immunoreactivity in
subfractions from resting and stimulated parietal cells. Rab2 immunoreactivity in
resting cells was predominantly located in the 50,000g (P3) membranes, aswould be
expected for its localization in tubulovesicles (Fig. 5). Fractions from stimulated cells
demonstrated a decrease in immunoreactivity in the 50,000g membranes, however,
with a concomitant increase in immunoreactivity in the heavier 4,000 g (P1) mem-
branes. These data were similar to the redistribution of H/K-ATPase seen with
stimulation [36]. Significantly, no rab2 immunoreactivity was observed in the soluble
fraction in either resting or stimulated cells. These data suggest that rab2 redistrib-
utes to the canalicular membrane in concert with the fusion oftubulovesicles. These
results contrast with those observed for rab3A, which appears to cycle on and offthe
membrane ofneuronal synaptic vesicles during neurotransmitter release [38].
More recently, we have successfully cloned and sequenced rab2 from rabbit
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FIG. 4. H+/K+-ATPase and rab2 immunoreactivity in parietal
cell tubulovesicle subfractions. Tubulovesicles were prepared from
isolated parietal cells. The subfractions (30 ,ug protein/lane) ob-
tained from differential centrifugation were evaluated for H/K-
ATPase(upperpanel) andrab2(lowerpanel) immunoreactivity. H =
parietal cell homogenate; PO = 40g, P1 = 4,000 g, P2 = 14,500g,
and P3 = 50,000g centrifugal membranes pellets, respectively; S =
50,000gsupernatant; CM = crude microsomes; TV = tubulovesicles
[37].
parietal cells [37]. The deduced amino acid sequence differs from the human at only
a single conserved site. In addition, Northern blot analysis demonstrates a tenfold
higher level of expression for rab2 mRNA in isolated parietal cells compared to
mRNA from isolated chief cells. All these results indicate that rab2 may be an
important candidate regulator for tubulovesicle sorting in the parietal cell.
Previous investigations in MDCK cells have assigned rab2 to the intermediate
endoplasmic reticular-Golgi membrane compartment [32]. Nevertheless, other stud-
ies have localized the protein to neuronal growth cones [39], so that a generalized
P1 P3
u s
FIG. 5. Rab2 immunoreactivity in
parietalcell subfractions duringstim-
ulation. Parietal cellswere incubated
in the presence of 100 ,uM cimeti-
dine (U) or 100 ,uM histamine plus
10 ,uM forskolin (S). Following sub-
fractionation, proteins were resolved
on 15 percent SDS-PAGE (25 ,ug
protein/lane) andsubsequentlytrans-
ferred to Immobilon-P. Rab2 immu-
noreactivitywas thenevaluated. Rab2
immunoreactivity redistributed from
light microsomes into the heavier
membrane fractions.
Rab2F
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function for the protein has not been determined. Indeed, since the actual target
effectors for smGTPBPs have not been determined, it is possible that rab2, aswell as
other smGTPBPs, may act as multi-functional regulators ofmembrane and cytoskel-
etal processing. In the parietal cell, one could anticipate a range of regulatory roles
including (1) sorting ofH/K-ATPase to an apically directed pathway, (2) stimulated
movement of tubulovesicles toward fusion with the secretory canaliculus, or (3)
coordinated retrieval of membrane back into tubulovesicles at the cessation of the
secretagogue stimulus.
FUTURE IMPLICATIONS
It is important to note that rab2 is not the only smGTPBP associated with the
tubulovesicles. Enriched tubulovesicle preparations also demonstrate a prominent
25 kDa GTP-binding species [36]. Indeed, we have recently successfully cloned a
numberofsmGTPBP species from parietal cells, includingrabi, rablO, rab 1l, rabl4,
rhoA, and the nuclear ran protein as well as one previously unidentified, rab-like
protein. Rabl1, inparticular, appears also to be localized to tubulovesicles. Isolation
andcharacterization ofthemorepreciselocalization andfunctionofthesesmGTPBPs
in the parietal cell may yield critical information into the fine regulation of mem-
brane processing into and out ofthe secretory canaliculus ofthe parietal cell.
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